Objectives: It is known that early-deafened cochlear implant (CI) users are a very heterogeneously performing group. To gain more insight into this population, this study investigated (1) postoperative changes in auditory performance over time based on various outcome measures, focusing on poor performers, (2) self-perceived outcomes, (3) relations between auditory and self-perceived outcomes, and (4) preimplantation factors predicting postoperative outcomes. Methods: Outcomes were assessed prospectively in a group of 27 early-deafened, late-implanted CI users, up to 3 years after implantation. Outcome measures included open-set word and sentence recognition, closed-set word recognition, speech tracking and a questionnaire on self-perceived outcomes. Additionally, the relative influence of 8 preimplantation factors on CI outcome was assessed with linear regression analyses. Results: Significant improvements were found for auditory performance measures and most of the questionnaire domains. Significant changes of the closedset word test, speech tracking and questionnaire were also found for a subgroup of poor performers. Correlations between auditory and self-perceived outcomes were weak and nonsignificant. Preoperative word recognition and preoperative hearing thresholds, both for the implanted ear, were significant predictors of postoperative outcome in the multivariable regression model, explaining 63.5% of the variation. Conclusions: Outcome measurement in this population should be adjusted to the patients' individual performance level and include self-perceived benefit. There is still a need for more knowledge regarding predictors of CI outcomes in this group, but the current study suggests the importance of the preoperative performance of the ear to be implanted.
Introduction
In the early years of cochlear implantation, adults with an early onset of deafness, i.e. before (prelingual) or during (perilingual) language development, displayed very limited benefits in speech-understanding tests [Skinner et al., 1992; Snik et al., 1997; Waltzman et al., 1992] . Consequently, they were often considered poor cochlear implant (CI) candidates. At the same time, studies reported that, in spite of these poor outcomes, satisfaction rates were high [Hinderink et al., 1995; Kaplan et al., 2003; Peasgood et al., 2003; Zwolan et al., 1996] . As speechcoding strategies evolved towards SPEAK, CIS and ACE from the late 90s onwards, studies showed that more beneficial results were possible for prelingually deafened adults [Schramm et al., 2002; Waltzman and Cohen, 1999; Waltzman et al., 2002] . A number of recent studies have demonstrated significant postoperative improvement in the mean scores of this group of CI users in various speech-understanding tests [Bosco et al., 2013; Caposecco et al., 2012; Klop et al., 2007; Rousset et al., 2016; Santarelli et al., 2008; Shpak et al., 2009; van Dijkhuizen et al., 2011; Yang et al., 2011] . Nevertheless, there are still large interindividual differences, with part of the early-deafened population obtaining scores slightly above or at 0% when speech understanding is assessed using open-set words or sentences. In this study, we argue that this does not necessarily mean that these CI users do not gain any auditory benefit from their CI, but rather that the tests used to evaluate performance might not be sensitive enough to detect more modest contributions of the implant to speech perception. In 2012, Caposecco et al. [2012] showed that while 18 of 38 CI users with earlyonset hearing loss were unable to attain more than 30% open-set speech discrimination postoperatively, they were all able to at least discriminate suprasegmental cues with their CI. Two other studies showed that poorly performing, prelingually deafened CI users were able to integrate auditory information from the CI with visual speech information, obtaining higher scores in the audiovisual condition [Craddock et al., 2016; Moody-Antonio et al., 2005] . These studies demonstrate the importance of including the ability to use suprasegmental and audiovisual cues when evaluating the benefit of cochlear implantation in this patient group. In this study, we wanted to investigate this further, by means of examining the added value of 2 nontraditional outcome measures to capture small, but relevant auditory benefits. Although recent studies have shown significant advancements in mean speech understanding scores for early-deafened CI users, it is still unclear when these subjects reach their maximum or so-called performance plateau. Postlingual CI users do generally not show further improvement after 1 year or even 6 months of CI use [Lenarz et al., 2012] . However, some studies assessing early-deafened CI users over time found that auditory performance continued to improve beyond 6 months or even 1 year after implantation [Santarelli et al., 2008; Shpak et al., 2009; Zeitler et al., 2012] , whereas other studies observed no further increases beyond the 1-year evaluation moment [van Dijkhuizen et al., 2016; Waltzman et al., 2002] or even earlier [Teoh et al., 2004] . This knowledge is important in order to guide patient expectations, and it may also influence how to design postimplantation rehabilitation. In addition to the evaluation of 2 nontraditional outcome measures, the current study therefore compares outcomes at regular intervals, up to 3 years after implantation.
There is increasing agreement that the impact of cochlear implantation should not only be evaluated with respect to changes in speech understanding performance, but also with respect to self-perceived changes in quality of life. High user satisfaction rates have consistently been reported in studies on early-deafened CI users, even in subjects with almost negligible gain in auditory performance [Bosco et al., 2013; Caposecco et al., 2012; Hinderink et al., 1995; Kaplan et al., 2003; Peasgood et al., 2003; Zwolan et al., 1996] . A number of studies have evaluated quality of life before and after implantation and found significant postoperative improvements, mainly in hearing-related quality of life questionnaires [Klop et al., 2007; Most et al., 2010; Schramm et al., 2002; Straatman et al., 2014; van Dijkhuizen et al., 2011] , but also in hearingrelated domains of general health status questionnaires [Klop et al., 2007; Straatman et al., 2014] . Questionnaires like the Nijmegen Cochlear Implant Questionnaire (NCIQ) [Hinderink et al., 2000] are able to detect postoperative improvements for early-deafened CI users. Nevertheless it must be kept in mind that such questionnaires were developed to evaluate the benefit for postlingually deafened CI users and may therefore be less appropriate for early-deafened CI users with respect to, for example, the wording of questions (e.g., complexity) or the situations that are addressed (e.g., telephone use). In this study, the questionnaire applied is designed specifically to evaluate self-perceived benefit in early-deafened CI users. Moreover, the possible relation between self-perceived benefit and auditory benefit will be investigated, since they are both relevant in defining and measuring "successful implantation." It is pertinent to ask whether both outcome types provide the same information since this might affect patient counseling and possibly implant indications. Studies investigating this specific relation are scarce, however. In 2011, van Dijkhuizen et al. only found a significant correlation between speech perception outcomes and the subdomain "advanced sound perception" of the NCIQ, whereas both Peasgood et al. [2003] and Straatman et al. [2014] found no significant correlations between auditory outcome measures and scores on the Glasgow Benefit Inventory. Additionally, Straatman et al. DOI: 10 .1159/000488023 [2014] found no significant correlations between phoneme benefit scores and the generic Health Utilities Index 3 [Feeny et al., 2002] or the postoperative changes on the NCIQ. The authors hypothesized that prelingually deafened adults, in contrast to postlingually deafened adults, might be satisfied with just minimal improvements in hearing abilities.
So far we discuss here the significance of optimally measuring the outcome of cochlear implantation in this specific patient group. Another objective of this study is directed toward predicting preoperatively which patients will become good and/or satisfied CI users. Relevant patient characteristics can vary in many ways: the communication mode in which the patient has been raised, whether the hearing loss had a pre-or perilingual onset, the amount of residual hearing, whether or not hearing aids have been used, etc. It would be very useful to know which of these preimplantation factors are related to postoperative outcomes. The results of studies performing correlation analysis or multiple regression analysis in groups of prelingual CI users have been ambiguous. Study samples are often small, and a wide range of patient factors are considered that are not uniformly defined across studies. Although not conclusive over all studies, significant relations have been found between CI outcome and a patient's own speech intelligibility [van Dijkhuizen et al., 2016] , communication mode [Caposecco et al., 2012; Rousset et al., 2016; Yang et al., 2011; Zeitler et al., 2012] , and preoperative speech-understanding scores [Caposecco et al., 2012; Kraaijenga et al., 2016; Rousset et al., 2016; van der Marel et al., 2015; Yang et al., 2011] . At the same time, duration of deafness [Caposecco et al., 2012; Kraaijenga et al., 2016; van der Marel et al., 2015; van Dijkhuizen et al., 2016; Yang et al., 2011] and etiology [Kraaijenga et al., 2016; Zeitler et al., 2012] do not seem to be related to CI outcomes in this patient group.
In summary, the current study had 4 objectives. The first was to examine in detail postoperative changes in auditory performance in a group of late-implanted, earlydeafened adult CI users. For this purpose, both standard open-set word and sentence recognition tests were used pre-and postoperatively, as well as 2 less commonly used tests, hereafter referred to as "nontraditional" tests. The first of these 2 tests is speech tracking (ST) [De Filippo and Scott, 1978] , which evaluates changes in the best-aided, audiovisual communicative abilities. The second is the monosyllable-trochee-spondee (MTS) test [Erber and Alencewicz, 1976] , which assesses changes in closed-set (suprasegmental) word recognition. It was hypothesized that these nontraditional tests could demonstrate clear postoperative changes in subjects who show no or only limited improvements in the standard open-set auditory tests. We also wanted to determine if and when auditory performance reaches a plateau in this patient population. Therefore measurements were done up to 3 years after implantation. A second objective was to implement and evaluate a questionnaire that would be sensitive to the specific, self-perceived advancements of early-deafened CI users. The third study objective was to evaluate the relation between changes in auditory performance and changes in the subjective evaluation questionnaire. The final and fourth aim was to identify which preimplantation factors are related to postoperative speech-understanding scores with the CI. The investigated preimplantation factors were: preoperative pure-tone average (PTA) hearing loss in the better ear, preoperative PTA in the implanted ear, preoperative best-aided word recognition score, preoperative word recognition score in the implanted ear, communication mode at implantation, hearing aid use at implantation, preoperative hearing aid use in the implanted ear and age at onset of deafness (pre-vs. perilingual).
Materials and Methods

Participants
This article presents prospective data, gathered since 2010, on 27 adult early-deafened CI users who received an implant at the Maastricht University Medical Center (MUMC+). The Medical Ethical Committee of the MUMC+ deemed that the study fulfilled ethical requirements since it was an extension of regular patient care. All subjects who met the following criteria were included in the study: unilateral implantation, acquisition of deafness or severe hearing impairment at or before the age of 4 years and implantation in adulthood (> 18 years). In order to receive a CI at the MUMC+, early-deafened subjects additionally needed to be sufficiently motivated and receptive to auditory communication. There were no further exclusion criteria. Only subjects who had at least 1 year experience with the CI were included.
Twenty-seven subjects met the inclusion criteria. The mean age at implantation was 45 years (range: 20-71 years). A prelingual onset of deafness or severe hearing loss, defined as an age at onset of ≤12 months, was found in 22 or 81% of subjects; the remaining 5 (19%) had a perilingual onset (> 12 but < 48 months). Nineteen subjects (70%) were oral communicators, the remaining 8 (30%) used a combination of oral and manual communication. All but 4 subjects (85%) were using at least 1 hearing aid at the time of the implantation, and 18 subjects (67%) were wearing a hearing aid in the ear that was subsequently implanted. An overview of relevant subject characteristics and a number of summary statistics can be found in Table 1. All subjects had followed the extensive rehabilitation program which is the standard postimplantation care at the MUMC+, and all but 1 were regular users of their device. The latter subject, S15, became a nonuser after 1 year of CI use because she could not become accustomed to the sound of the implant. The n.a.
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Subjects with an asterisk (*) belong to the poorly performing group. CI, cochlear implantation; HI, hearing impairment; HA, hearing aid; preop., preoperative; PTA, pure-tone average at 0.5, 1, and 2 kHz; ACE, Advanced Combination Encoder strategy; FS4, Fine Structure Processing strategy on 4 channels; FSP, Fine Structure Processing strategy; ST, straight; CA, contour advance; n.a., not applicable.
DOI: 10.1159/000488023 postimplantation follow-up time was 3 years for 14 subjects, 2 years for 4 subjects, and 1 year for the remaining 9 subjects (mean 2.2 years). Complications occurred neither during CI surgery nor during the postoperative rehabilitation period.
Outcome Measures
The preoperative PTA hearing loss at 0.5, 1, and 2 kHz was calculated for each subject, both for the implanted ear and for the best ear (Table 1) . Open-set word recognition was evaluated in free field at 65 and 75 dB SPL by means of the phoneme score of the Dutch, monosyllabic, consonant-nucleus-consonant (CNC) word test [Bosman and Smoorenburg, 1995] . The maximum percentage correct was gathered in the best-aided auditory-only condition (with 1 or 2 hearing aids preoperatively; postoperatively in the condition used in daily life: either CI alone or CI + contralateral hearing aid) and additionally in the CI-alone condition. The second open-set test was a Dutch sentence recognition test, with a variable volume setting according to the subjects' preference, administered in the best-aided, auditory-only condition. The result is expressed as a syllable score. The third test, ST, is a structured, "conversation-like" task that combines sentence identification with auditory comprehension [De Filippo and Scott, 1978] . The amount of time needed to repeat a text, which is read live and out loud to the subject, determines the score, expressed as the number of words per minute (wpm). The ST test was administered in the best-aided, auditory-visual condition. The texts used were specifically designed for early-deafened, Dutch CI users [Boons and Debruyne, 2011] . In poor performers, the MTS test [Erber and Alencewicz, 1976] was used as a test for closed-set (suprasegmental) word recognition. This 12-item test assesses both word identification (word score) as well as identification of suprasegmental cues (suprasegmental score). Administration of the MTS test was at 65 dB SPL in the best-aided, auditory-only condition. If no hearing aids were worn in the preoperative condition of the open-set word, sentence or MTS test, or if the test was not administrable, a score of 0% was assigned.
A questionnaire to assess subjective outcomes was constructed specifically for early-deafened CI users. The questionnaire consists of 5 subscales: primary sound processing, sense of safety, ease of communication, social aspects of hearing, and self-confidence. Online suppl. Appendix A (for all online suppl. material see www. karger.com/doi/10.1159/000488023) contains information regarding the development and subsequent reliability analyses. The translation of the questionnaire is presented in online suppl. Appendix B.
Auditory tests were administered preoperatively, 6 months, and 1 year postoperatively. For some subjects they were also administered at 2 and 3 years postoperatively, according to available follow-up time. Subjects also completed the questionnaire dedicated to early-deafened CI users at each of these evaluation moments, except at 6 months postoperatively.
Data Analysis
To evaluate the postoperative changes in auditory performance up to 3 years after implantation (first study objective), with decreasing subject numbers over time, multilevel linear regression modeling was performed. The applied covariance structure chosen was based on likelihood ratio testing and the bayesian information criterion. Auditory performance changes over a specific time period were then evaluated with pairwise comparisons. BonferroniHolm adjustments of the standard α-value of 0.05 were made in case of multiple comparisons. If the sample size was small, which was the case when considering a subgroup of subjects, the nonparametric Wilcoxon signed-rank test was applied to pairwise comparisons. Descriptive statistics of the difference or change scores between preoperative and 1-year postoperative measurements were also obtained.
For the questionnaire (second study objective), the number of subjects with available data decreased with follow-up time. Missing responses on questionnaire items were replaced if, for a patient, the amount of missing values was ≤50% for a subscale. In case of > 50% missing values, the subject was excluded from further analysis of that particular subscale. Multiple imputation was used to generate 40 data sets. These data sets were then analyzed separately, and finally a single (pooled) multiple imputation estimate and its standard error were calculated by combining the estimates and standard errors obtained from each completed data set using "Rubin's rules" [Little and Rubin, 2002; Rubin, 1987] . The imputation method was determined by the "automatic" method in SPSS multiple imputation. Multilevel linear regression analyses with a compound symmetry covariance structure were performed to assess the course of the subscale sum scores and total sum score of the questionnaire over the different time periods. In case of multiple comparisons, p values were again Bonferroni-Holm corrected, with α ≤ 0.05 being considered statistically significant.
To evaluate the relation between results of the questionnaire and speech performance tests (third study aim), the Spearman correlation coefficients were calculated given the small sample size and since some variables did not display a normal distribution. Correlations were calculated between the difference scores (1 year post-vs. preoperative) of both the CNC word test and the ST test on one side and the changes in outcome 1 year after implantation of the total score and subscale scores of the questionnaire on the other.
For the fourth study objective, the bivariate relations between preimplantation factors and the 1-year postoperative CNC word recognition score with CI were first explored with simple linear regression. Multivariable regression analysis, using a backward method, was then performed with those variables that were significant in the simple linear regression analysis. During the backward regression analysis, nonsignificant preimplantation factors were sequentially removed (removal criterion: p < 0.10). In the final model there were then no more variables that met the removal criterion. The final model is presented with estimated coefficients, along with the "adjusted" R 2 , which is how much of the total variation in word recognition 1 year postoperatively can be explained by the model, adjusted for the number of variables included. All analyses were performed using SPSS 22.0. Figure 1a , b, and c shows the individual and mean observed scores of the 27 subjects in the word recognition, sentence recognition and ST tests, respectively. Multilevel analysis showed a significant effect of the time of measurement for word recognition (F(4, 19.41 0.005), sentence recognition (F(4, 21.89) = 4.525, p = 0.008), and the ST test (F(4, 78.31) = 12.076, p < 0.0001). After Bonferroni-Holm correction, pairwise comparisons revealed significantly higher scores for all postoperative measurements when compared to the preoperative situation, and this in all 3 tests, with the exception of the 2-year postoperative measurement of the sentence recognition test (p = 0.07 after correction). In the ST test, significant improvements were found 2 and 3 years postoperatively compared to the 1-year postoperative situation. No further differences were found between the postoperative measurements in any of the tests.
Results
Study Objective 1: Changes in Auditory Performance
Although postoperative improvements were found for the entire subject group, the scores of a number of subjects remained very low, for some even at 0%. Table  2 shows the preoperative and 1-year postoperative scores of the individual subjects for the different outcome measures. The changes in score from preoperative to 1-year postoperative were added as difference scores. Subjects whose scores remained below 30% in the open-set word recognition test are labeled "poor performers" and marked with an asterisk in both Tables 1 and 2 . The 30% criterion applied was the same as that by Arisi et al. [2010] and Caposecco et al. [2012] . If the difference score of an individual subject in Table 2 was ≤5%/≤5 wpm, the result was considered to be stable (no change). Inspection of individual scores reveals that only 5 subjects (S7, S12, S13, S18, and S22) show an improvement for all 3 tests, i.e., open-set word recognition, sentence recognition, and ST. Seven more subjects (S2, S5, S6, S8, S9, S25, and S26) show an improvement in 2 of the 3 tests and have a stable score on the third. Subject 21 showed improvement in 2 tests, but there was no ST score available. None of these in total 13 subjects belong to the group of earlier defined "poor performers." The remaining subjects who neither show improvements in at least 2 out of 3 tests nor belong to the poor performers are S11, S17, S19, and S20. The performance of both S11 and S19 is more or less the same before and after cochlear implantation. S11 performs well, both preoperatively with 2 hearing aids, as well as 1 year postoperatively with hearing aid and CI. S19 displays a small improvement of postoperative word recognition, while scores for sentence recognition and ST remain unchanged. For S17 and S20 we see a discrepancy in their results, with improvements in 2 of the 3 tests, but declines on the third. When looking at the poor performers (n = 10), it can be seen that only S1 and S27 show an improvement of open-set word recognition, of 6 and 17%, respectively. S10, on the other hand, performs 12% worse postoperatively. For the remaining poor per- formers (S3, S4, S14, S15, S16, S23, and S24), phoneme scores in the open-set CNC word test remain stable. Only 1 of the poor performers (S3) improves more than 5% in the sentence recognition test and many obtain a 0% score, due to the test not being administrable. In contrast, scores of the ST and particularly the MTS test show a much greater variation, with improvements for some subjects (S3, S4, S14, S15, S16, S23, and S27) and stable results or even slight declines for others (S1, S10, and S24).
In Figure 2 , as well as at the bottom of Table 2 , the mean observed scores of the 10 poorly performing subjects are presented. S14 was excluded from the ST test because there was no preoperative measurement. A statistically significant improvement from a mean preoperative score of 38.4 to a mean postoperative score of 66.4% was found for the suprasegmental score of the MTS test (p = 0.038). For the word score of the MTS test, the improvement from a mean preoperative score of 20.8 to 35.2% postoperatively was nonsignificant (p = 0.092). In the ST test, a small but significant improvement from a Preoperative (preop.) and 1-year postoperative scores are presented, as well as the difference score between both evaluation moments. Mean scores are given for all subjects and for the subgroup of poor performers (n = 10, indicated with an asterisk behind the subject number). AV, auditory-visual condition; wpm, number of words per minute; MTS, monosyllable-trochee-spondee; Δ, difference.
Audiol Neurotol 2017;22:364-376 DOI: 10.1159/000488023 mean of 17 wpm preoperatively to a mean of 23.8 wpm postoperatively (p = 0.017) was seen. There was no improvement in the mean open-set word and sentence recognition scores after 1 year of CI use.
Study Objective 2: Self-Perceived Benefits
Questionnaire scale scores were obtained before and 1 year postoperatively for 16-20 subjects (depending on the subscale) and at 2 and 3 years postoperatively for 13-14 and 11 subjects, respectively (Fig. 3) . Multilevel analysis found significant improvements 1 year postoperatively compared to preoperative values for the total questionnaire score and each of the separate subscales except for "social aspects of hearing." The largest mean improvements were seen for primary sound processing (from 47.4% preoperatively to 69.4% 1 year after) and sense of safety (from 40.8% preoperatively to 62.4% 1 year after); the total score improved from 53.2% preoperatively to 63.9% 1 year postoperatively. In the long term, scores remained significantly higher than preoperatively for the total questionnaire and for the subscales "primary sound processing" and "ease of communication." This was not the case for "self-confidence" (2 and 3 years postoperatively) and "sense of safety" (3 years postoperatively). Total questionnaire scores were available for 5 of the 10 poorly performing subjects and showed a significant improvement of almost 11% 1 year postoperatively (z = -2.023, p = 0.043).
Study Objective 3: Relations between Auditory and Self-Perceived Benefits
Correlation analyses of the changes in auditory performance with the changes in the questionnaire 1 year postoperatively revealed very weak to weak, nonsignificant correlations. Spearman correlations between the questionnaire (subscales and total questionnaire) and the difference scores of open-set word recognition are positive and range between 0.09 and 0.38 (n = 16-20) ; correlations between difference scores of the questionnaire and ST performance are close to zero (range: -0.08 and 0.12, n = 14-20).
Study Objective 4: Predictive Value of Preimplantation Factors on Speech Recognition Scores
Simple regression analysis indicated that 6 of the 8 preimplantation factors were significant predictors for the 1-year postoperative CNC word recognition scores (left side of Table 3 ). Inclusion of these 6 factors as independent variables in a backward regression procedure resulted in a model including preoperative PTA (p < 0.0001) and preoperative CNC word recognition score (p = 0.013), both for the implanted ear, as predictors of the CNC word recognition score with CI 1 year postoperatively (right side of Table 3 ) with an explained variation of 63.5%. The backward analyses performed are presented in online suppl. Appendix C.
Discussion
Study Objective 1: Changes in Auditory Performance
The first aim of this study was to evaluate the postoperative change in auditory performance of a group of early-deafened, late-implanted adult CI users by means of both traditional (open-set word and sentence recognition) and nontraditional (ST and the MTS test) tests, administered in the best-aided condition. A limitation concerning both the sentence recognition and ST test is that they are not validated. Results of the multilevel analysis showed a significant effect of the time of measurement for all 3 tests. Due to the relatively small number of subjects, which moreover decreased with follow-up time, these results do need to be interpreted with caution. Compared to the preoperative situation, significant improvements were present already after 6 months of CI use. The only exception was the 2-year postoperative measurement of the sentence recognition test, which lost its statistical significance after correction for multiple comparisons. Since no drop in performance was observed 2 years postoperatively (Fig. 1b) , this lack of statistical significance might be explained by the reduction in statistical power due to Values for the unstandardized regression coefficient (B), standard error (SE) of B, standardized regression coefficient beta (β), and the significance values p are given for the regression of CNC word recognition score with CI only, 1 year after implantation, on 8 investigated preimplantation factors. For the simple regression the standardized coefficients β represent the correlations between the preimplantation factors and the outcome variable. For the multivariable regression, 2 preimplantation factors remained as significant predictors in the final model after backward analysis. The adjusted R 2 for the final model was 0.635. PTA, pure-tone average at 0.5, 1, and 2 kHz; ns, not significant. n = 27. Audiol Neurotol 2017;22:364-376 DOI: 10.1159/000488023 a smaller sample size for that measurement. The fact that the change 3 years postoperatively once again attained statistical significance, even though the observed score remained the same with an even smaller sample size, is presumably due to the higher estimation of the mean, as predicted by the multilevel model. The mean word recognition scores of 44.1% (range 0-88%) and mean sentence recognition scores of 42.4% (range 0-100%) at the 1-year postoperative measurement are comparable to those found in other studies, although it is unclear for some of these studies whether the reported scores were obtained with CI only or in the best-aided condition [Caposecco et al., 2012; Klop et al., 2007; Santarelli et al., 2008; van Dijkhuizen et al., 2011; Yang et al., 2011; Zeitler et al., 2012] . Consistently with the literature, we found extremely large differences between individual word and sentence recognition scores (Fig. 1a, b) .
Until now, there has been no literature reporting ST for this patient group. Besides being administered in the best-aided condition, the ST test was performed with the aid of visual cues, bringing it more in line with everyday life communication. Although the absolute improvements were small for most subjects, the improvement was significant at the group level. Given that most of the subjects in this study were excellent lip readers, these apparently small changes are most likely explained by the fact that the added value of the CI becomes apparent in conjunction with the best communicative situation (e.g., lip reading). Results therefore show that it can be demonstrated that cochlear implantation can improve communication speed, when measured in a test situation that is as close to real-life communication as possible.
Another part of our first study objective was to see how performance in various tests evolved in the course of time. It is clear from Figure 1 that the largest changes occurred from before to 6 months after surgery, for all 3 tests. No significant improvements were found thereafter, except for 2-and 3-year postoperative versus 1-year postoperative time points in the ST test (Fig. 1c) , although these may be attributable to the small decrease in performance 1 year postoperatively. Our results therefore conform to those on postlingual adults and do not support the hypothesis purported by Santarelli et al. [2008] that prelingually deafened CI users might show improved results in the long term due to remaining plasticity in the auditory cortical areas.
Descriptive analysis of the individual pre-and 1-year postoperative scores (Table 2) show that, of the 17 subjects that obtained more than 30% open-set word recognition 1 year after implantation, 13 showed a clear improvement in at least 2 out of the 3 tests including open-set word recognition, sentence recognition and ST. Two subjects (S11 and S19) scored the same before and after implantation, and 2 (S17 and S20) had mixed results, for which we have no explanation. On the other hand, the 10 subjects who scored below 30% word recognition 1 year postoperatively generally showed no improvement on open-set word or sentence recognition. One could draw the conclusion that there is no measurable auditory benefit of cochlear implantation in these subjects. However, when taking the results of the nontraditional outcome measures -ST and particularly MTS -into account, new information is added which allows us to distinguish between subjects that do show a measurable benefit with their CI and those who do not. Some subjects who are considered to be unsuccessful CI users do obtain auditory benefits. While no significant improvements were found for the open-set word and sentence recognition test, the suprasegmental score of the closed-set MTS test and the number of correctly repeated words per minute of the ST test did show significant improvements. Our hypothesis that nontraditional auditory measures are more suitable than traditional open-set, auditory-only speech tests to detect true auditory gains in poorly performing subjects is thus confirmed. It can therefore be advised to gear the choice of speech tests to the performance level of the subject, considering both standard and less traditional tests for an optimal monitoring of outcomes.
It is interesting to note that all 4 subjects who did not wear hearing aids preoperatively belong to the poorly performing group. These subjects did wear hearing aids during childhood but stopped wearing them as adolescents, presumably due to limited benefit. However, if we further compare the characteristics of those poorly performing subjects who show no postoperative improvement in any of the tests with those that do, there are no clear differences to be found in terms of communication mode, age at implantation, or hearing aid use.
Study Objective 2: Self-Perceived Benefits
Subjective experience after cochlear implantation should be an integral part of the evaluation protocol. A limitation of the questionnaire used in this study, which was specifically designed for the early-deafened group of CI users, is of course the lack of sufficient validation. Results on the questionnaire revealed that subjective scores were significantly higher after implantation for the subscales "primary sound processing," "sense of safety," and "ease of communication." Other studies that assessed hear-DOI: 10.1159/000488023
ing-related quality-of-life before and after implantation in this patient group also found significant postoperative improvements when using the NCIQ [Klop et al., 2007; Straatman et al., 2014; van Dijkhuizen et al., 2011] , Performance Inventory for Profound and Severe Loss [Schramm et al., 2002] , or a number of self-reporting questionnaires [Most et al., 2010] . In our study there was no effect of the CI on the subscale "social aspects of hearing," and the effect on "self-confidence" was only significant 1 year postoperatively. The subscale "social aspects of hearing" contains questions like "Do you like to go to parties or meetings?" and "How often do you feel left out by others?". A likely explanation for the absence of a significant change in this subscale may be the early onset of deafness. The subjects in this study had been participating in social situations with a severe hearing impairment for their entire lives, which is also illustrated by the relatively high preoperative scores in this subscale so that noticeable changes in this area are unlikely. The same reasoning may explain the slight changes found in the subscale "self-confidence." Other studies failed to find significant postoperative improvements for subscales related to self-confidence or self-esteem [Klop et al., 2007; Most et al., 2010] , or found slightly smaller changes [Straatman et al., 2014] . Although it is hard to compare the content of the different questionnaires, it makes sense that the subscale "self-esteem" of the NCIQ also encompasses questions that are related to the subscale "social aspects of hearing" of the current study.
Study Objective 3: Relations between Auditory and Self-Perceived Benefits
Auditory gains on either CNC word recognition or ST did not appear to be related to benefit scores on the questionnaire. This might in part be attributable to the fact that there were significant improvements in the questionnaire scores for the subgroup of poor performers. Our results are in agreement with Straatman et al. [2014] , although van Dijkhuizen et al. [2011] did find some significant correlations, but only with the subscale "advanced sound perception" of the NCIQ. This appears to indicate that in early-deafened CI users, quality of life benefit scores are generally independent of auditory gains. When judging whether an implantation is successful, both types of outcome measures should thus be taken into account, since they evaluate distinctly different aspects of cochlear implantation rehabilitation. A so-called poor performer might experience subjective benefits without improvement in open-set speech tests. Also, the fact that a correlation with the advancements in the ST test was not found, which -in contrast to the open-set word test -did show postoperative benefits even in the poorly performing group, suggests that self-perceived changes are not related to the improvements in day-today communication skills. It would be interesting to investigate further the relation between subjective outcomes and, for instance, the MTS test in a larger group of poor performers.
Study Objective 4: Predictive Value of Preimplantation Factors on Speech Recognition Scores
Two of the 8 investigated preimplantation factors remained in the final multiple regression model: the preoperative CNC word recognition score and the preoperative PTA, both for the implanted ear, together explaining 63.5% of the variation in postoperative speech understanding with CI. This result needs to be interpreted with caution however, given that the regression analyses were based on data of only 27 subjects. Two recent studies also performed multiple regression analysis in groups of 58 and 43 early-deafened subjects, respectively [Kraaijenga et al., 2016; Rousset et al., 2016] . In the study by Kraaijenga et al. [2016] , the preoperative best-aided word recognition score, and not the score of the ear to be implanted as in our study, was found to be the only significant predictor of the 1-year postoperative word recognition scores and explained 31% of the variation. In that same study, the preoperative PTA of the CI ear, which was the second significant factor in our model, correlated significantly with the outcome variable but lost its significance in the subsequent multivariable analysis. In the study by Rousset et al. [2016] , the preoperative phoneme score of the ear to be implanted could, together with a standard score for receptive language abilities, account for 26.3% of the variation in postoperative speech perception scores. In their study however, the PTA of the implanted ear did not have a significant correlation with the outcome measure. Given that the word recognition score of the implanted ear was a significant predictor in both [Rousset et al., 2016] as in the current study, it seems worthwhile to include this factor in future studies.
While only 2 preimplantation factors remained as significant predictors in our final model, there were 4 more preimplantation factors correlating significantly with the outcome measure: preoperative best-aided CNC word recognition, preoperative PTA of the better ear, hearing aid use at implantation (yes/no) and hearing aid use at implantation in the implanted ear (yes/no). As mentioned previously, the preoperative best-aided word recognition score was a significant predictor in the multi-Audiol Neurotol 2017;22:364-376 DOI: 10.1159/000488023 variable regression model of Kraaijenga et al. [2016] . Van der Marel et al. [2015] equally observed a significant correlation with preoperative phoneme scores. On the other hand, van Dijkhuizen et al. [2016] (after Bonferroni correction) and Zeitler et al. [2012] did not find a significant correlation with preoperative CNC scores. Similarly to the preoperative CNC scores, our study found the preoperative PTA of the implanted ear to be a significant predictor, whereas the significant correlation of the preoperative PTA of the better ear was dropped in the backward multiple regression modeling procedure. Both preimplantation factors regarding hearing aid use at implantation were also dropped in the backward procedure. In 2012, Caposecco et al. found that the time without an aid in the implant ear (at implantation) was a significant predictor, while van Dijkhuizen et al. [2016] found no significant correlation between postoperative speech perception and hearing aid use.
Finally, 2 of the 8 preimplantation factors did not show a significant correlation with our outcome measure: communication mode at implantation and pre-versus perilingual onset of deafness. The first is somewhat surprising, given that advantages for oral communicators are seen in most [Caposecco et al., 2012; Rousset et al., 2016; Yang et al., 2011; Zeitler et al., 2012 ], yet not all previous studies [van Dijkhuizen et al., 2016] . The factor regarding pre-versus perilingual onset of deafness has only been assessed by Caposecco et al. [2012] . In contrast to our results, this study did find a significant relation between the progressivity of the hearing loss and sentence recognition scores with CI.
Conclusion
This study showed that early-deafened but late implanted adult CI-users obtained significant auditory improvements, mainly within the first 6 months after implantation. It was found that, on average, auditory performance of poorly performing subjects increases but this can only be captured by using specific tests like ST or tests assessing more suprasegmental features of speech. On an individual subject level, these new outcome measures add valuable information and allow for more differentiation between poorly performing subjects. The current results emphasize the importance of using a different test battery for the auditory evaluation of this group of CI users.
An instrument assessing subjective experiences after CI should be an integral component of the evaluation protocol, given that an individually experienced benefit is not fully captured by the auditory tests.
Postoperative performance with CI could be explained to a large part by 2 preimplantation factors: preoperative PTA and preoperative CNC word recognition, both of the implanted ear. Studies in larger groups of early-deafened patients could contribute further to understanding the role that preimplantation factors have on CI outcome in this population.
